Background/Aims: The primary cilium is a nanoscale membrane protrusion believed to act as a mechano-chemical sensor in a range of different cell types. Disruptions in its structure and signalling have been linked to a number of medical conditions, referred to as ciliopathies, but remain poorly understood due to lack of techniques capable of investigating signal transduction in cilia at nanoscale. Here we set out to use latest advances in nanopipette technology to address the question of ion channel distribution along the structure of primary cilium. Methods: We used glass nanopipettes and Scanning Ion Conductance Microscopy (SICM) to image 3D topography of intact primary cilia in inner medullary collecting duct (IMCD) cells with nanoscale resolution. The high-resolution topographical images were then used to navigate the nanopipette along the structure of each cilium and perform spatially resolved single-channel recordings under precisely controlled mechanical and chemical stimulation. Results: We have successfully obtained first single-channel recordings at specific locations of intact primary cilia. Our experiments revealed significant differences between the populations of channels present at the ciliary base, tip and within extra-ciliary regions in terms of mean conductance and sensitivity to membrane displacement as small as 100 nm. Ion channels at the base of cilium, where mechanical strain is expected to be the highest, appeared particularly sensitive to the mechanical displacement. Conclusion: Our results suggest the distribution of ion channels in the membrane of primary cilia is non-homogeneous. The relationship between the location and function of ciliary ion channels could be key to understanding signal transduction in primary cilia.
Introduction
The primary cilium is a single immotile antenna-like organelle protruding from the membrane of most mammalian cells that comprises a distinct cellular compartment with a specific population of ion channels and receptors [1] [2] [3] [4] . Although initially considered as an evolutionary vestigial structure, the primary cilium has been suggested to play a role in a number of physiological processes [5] [6] [7] . Defects in cilia formation or function are implicated in a great variety of human pathologies, termed ciliopathies, such as polycystic kidney disease (PKD) [1, 8, 9] . Primary cilia display specific ultrastructure [7, 10, 11] and play a key role in the cellular response to chemical and mechanical alterations, serving as sensory platforms to flow, compression and pressure [2, 5, 6, 12] . Various proteins such as polycystin-1 (PC1), polycystin-2 (PC2), transient receptor potential vanilloid channel 4 (TRPV4) or Piezo channels 1 and 2 have been shown to localise within the ciliary membrane and are postulated as signal transducers sensitive to mechanical alterations [2, 3, [13] [14] [15] [16] [17] [18] [19] [20] . In kidney epithelial cells, bending of the cilium due to fluid flow was shown to result in an intracellular increase in calcium mediated by the extracellular levels of calcium itself [13, 14] , while chondrocyte cilia respond to compression through a purinergic calcium signalling pathway [21, 22] . However, recent research showed that the cytoplasmic calcium waves observed in cells following flow-induced ciliary bending were initiated away from primary cilia [23, 24] , thus contradicting the conventional hypothesis that calcium influx into cilium is responsible for triggering this response.
The incongruence on present data is partially caused by the difficulties associated with studying electrophysiology of primary cilia. The narrow diameter of the cilium (typically around 250 nm) approaches the resolution limit of conventional optical microscopy limiting its use for navigating microelectrodes. To date, few studies have been able to obtain direct electrophysiological recordings from optically identifiable parts of cilia [1, 19, 25] . Given the heterogenous distribution of membrane strain during bending [26] , novel approaches capable of mapping channel and receptor sensitivity to external stimuli along the cilium are needed.
Here we employ scanning ion conductance microscopy (SICM), a scanning probe microscopy technique that uses a glass nanopipette as a probe to scan the surface of living cells in a non-contact fashion to obtain topographical images with nanoscale resolution [27, 28] . The high resolution topographical information obtained using SICM has been previously combined with patch-clamp to obtain single channel recordings from specific cellular structures below the resolution limit of conventional optically based positioning such as T-tubules or small synaptic boutons [1, 29, 30] . Recently, the hopping mode of SICM has been successfully used to image fixed primary cilia [31] , however, spatially resolved single channel recordings in live cilia under mechanical stimulation have not been achieved yet.
Materials and Methods
Inner medullary collecting duct (IMCD) cell culture Mouse IMCD epithelial cells from an immortalised line genetically modified to express enhanced yellow fluorescent protein together with intraflagellar transport protein 88 (IFT88-YFP [32, 33] ) were cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) with a supplement of 10% of foetal bovine serum (v/v), 1.9mM L-glutamine, 96U/mL penicillin and 96mg/mL streptomycin. Cells were cultured until confluence and then either used for experimentation or passaged for up to passage number 25. To obtain high levels of ciliation for experiments, IMCD cells were cultured in 35mm petri dishes to ~100% confluence and then serum starved (0.2% FBS) for 24-72 hours.
High-resolution scanning of primary cilia
Topographical images were obtained using hopping mode of the SICM (also known as HIPCM) using a custom-built SICM scanner head operated by SICM scanner controller (Ionscope Ltd, UK) and a custom-built software described previously [28, 34] . Axopatch 200B (Molecular Devices) was used for nanopipette current measurement. The SICM scan head was positioned onto an inverted optical microscope (Eclipse TE300, Nikon) placed on an anti-vibration table (PFA51507, Thorlabs). Setpoint of 0.3% was used for imaging. Once putative primary cilia were identified in topographical images, YFP-positive fluorescence imaging (Zeiss 710 ELYRA PS.1, Carl Zeiss) was used to confirm identity. A non-invasive low-stress method described previously [35] was used to obtain stiffness maps of primary cilia. Briefly, two sets of topographical images of the same area were simultaneously recorded at two different setpoints: 0.3% (estimated compressive force 0.003 pN) and 1% (estimated compressive force of 0.225 pN). The difference between the two images was used to obtain the information on displacement at each imaging point and calculate stiffness. Nanopipettes were pulled from borosilicate glass (OD 1mm, ID 0.5mm, Sutter Instruments, USA) using laser puller P-2000 (Sutter Instruments, USA). Nanopipettes resistance was ~70-110 MΩ, corresponding to an estimated inner tip diameter ~90-125nm.
Mapping mechanosensitivity of membrane channels
Once a high-resolution topographical image was obtained, the specific coordinates of the primary cilium were used for precise positioning the nanopipette on the cilium, using approach referred to as "smartpatch-clamp" [29] . Light suction (~10 kPa) was used to obtain the gigaohm seal. Single-channel currents were amplified using Axopatch200B (Axon Instruments, USA), filtered at 1 kHz, and digitised at 200 kHz using data-acquisition system NI USB-6341 (National Instruments, USA) and WinEDR V3.7.1 software (John Dempster, University of Strathclyde). Mechanosensitivity of single-channels was assessed by gradually changing the vertical position of the pipette upwards and downwards in steps of 100 nm or by suction applications (pressure clamps) of ~20 to 50 kPa, all while keeping the nanopipette potential at V H = -140 mV. The order of z-axis displacement was randomly tested for each recording, going either firstly upwards, then returning to 0 nm displacement, and then continuing downwards or the other way round. Stimulation in the opposite z-direction was only tested when recoding at 0 nm displacement showed similarity, reversibility, as baseline conditions. All potentials in the single-channel data presented here are nanopipette potentials.
Nanopipette and bath solutions
Cells were imaged in phenol red-free Leibovitz's L-15 medium (Gibco) at room temperature. Nanopipettes were filled with saline solution (0.154 mol/L of NaCl at pH = 7.4). In experiments aimed at testing sensitivity of channels to ATP, 10µM ATP (Sigma) was added to the nanopipette saline solution.
To confirm the origin of activity induced by membrane displacement, 10µM GdCl 3 (Sigma), a nonspecific blocker of cation and mechanosensitive channels, was added to the nanopipette saline solution.
Statistical methods
GraphPad Prism (version 7 for Windows) was used for all statistical analysis. Un/paired t-test, or multiple t-test using the Holm-Sidak method, was used to statistically analyse differences in elastic modulus, bending stiffness, open probability (P o ) and mean open time (MOT). To statistically assess the differences in slope conductance, a two-tailed analysis of covariance (ANCOVA) was used. Differences were regarded as significant at p-values smaller than 0.05 (α=5%). Data are described as mean ± standard error mean (SEM).
Results

Topography-guided recording of membrane channel activity in primary cilia
To confirm the identity of live primary cilia and their presence at the apical membrane accessible to the scanning nanopipette, we used IMCD epithelial cell line which stably express intraflagellar transport protein IFT88 labelled with yellow fluorescence protein (IFT88-YFP) and correlated the high-resolution topography obtained using SICM with epifluorescence microscopy images of the same area ( Fig. 1A-C) . A total of 65 cilia were identified and successfully scanned. Primary cilia were situated peri-centrally within the apical (lumen) side of the cells and showed an average total length of 1.51 ± 0.074 µm (mean ± SEM).
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry The digital coordinates from the 3D images were used to position the scanning pipette at selected points on cilia (tip, middle part and base) and extra-ciliary membrane (ExC) and perform single-channel recordings at these positions ( Fig. 2A ). Overall, the success rate of obtaining cell-attached patch-clamp configuration was 70.77 % (46 out of 65). The success rate was highest at the base of cilia (75 %, 18 out of 24), followed by the extra-ciliary membrane (66.6 %, 8 out of 12) and the tip of the cilium (65.21 %, 15 out of 23), while the middle part of cilia was the most difficult area to record from (success rate 37.5 %, 3 out of 8). At the base of cilia, channels were recorded in 15 out of 18 successful patches (83.33 %), displaying mean slope conductance of 41.87 ± 2.252 pS (R 2 = 0.9376, n = 9) and a current reversing point at -13.03 mV ( Fig. 2B, C) . At the tip of the cilia, channel activity was detected in 60% of cases (9 out of 15) with a mean slope conductance of 23.39 ± 1.936 pS (R 2 = 0.869, n = 6) and a current reversing point at -0.46 mV ( Fig. 2B, C) . Within the randomly selected ExC areas, 75% (6 out of 8) of the successful patches showed channel activity. Assuming circular shape of the patch area and average inner diameter of nanopipettes d = 108 nm (range of 90-125 nm), the average patch area would be .
With 60 -80 % of patches on cilia showing channel activity, the estimated channel density would be 6 -8 channels per 0.09 µm 2 or 67 -88 channels per µm 2 .
The population of channels outside cilia appeared to be more heterogeneous than that observed within the ciliary membrane as indicated by relatively low R 2 of the linear regression of current-voltage dependence yielding mean slope conductance of 67.67 ± 13.16 pS (R 2 = 0.5821, n = 5, Fig. 2B , C). The channels in these patches showed a current reversing point at 2.686 mV. Due to low success rate of forming cell-attached configuration at the middle part of the cilia, we were not able to obtain reliable current-voltage dependency of channels present at this location. The mean resting membrane potential of the cells measured using conventional zero-current clamp whole-cell patch clamp configuration was -32.4 ± 1.6 mV (mean ± SEM, n = 7). Statistical analysis showed that differences between the slope conductance of channels observed at the three locations were all significant indicating heterogeneous distribution of ion channels within ciliary membrane as well as between ciliary and extra-ciliary membrane (ANCOVA; base vs tip p < 0.001, F = 38.56, DFn = 1; base vs ExC p = 0.0468, F = 4.198, DFn = 1; tip vs ExC p = 0.0012, F = 12.19, DFn = 1).
Mapping mechano-sensitivity of ion channels in primary cilia
To investigate whether the ion channels observed in cilia could be involved in mechanotransduction we applied local mechanical stimulations at various locations along the primary cilium, and the cell body by means of applying negative pressure through the scanning nanopipette and by changing the z-axis position of the nanopipette in steps of 100 nm ( Fig. 3) , while recording the single channel activity. While the application of suction did not induce any detectable channel activity (data not shown), moving the nanopipette along the z-axis induced significant changes in mean open probability P o of ion channels at the base of cilia (Fig. 3A) . Z-axis displacement of +100 nm (upwards) induced a significant increase in the normalised P o of channels at the base of cilia (unpaired t-test, n = 4, p = 0.0221, t = 4.377, df = 3; Fig. 3A ). Negative -100 nm displacement (downwards) also led to increase in normalised P o of the channels at the base of cilia, although not statistically significant (n = 4, p = 0.0564, t = 3.028, df = 3; Fig. 3A) . In stark contrast, the open probability of channels at the tip of cilia (Fig. 3B ) significantly decreased upon both the positive and negative displacements (at +100nm, n = 3, p = 0.0466, t = 13.64, df = 2; at -100nm, n = 2, p = 0.0036, t = 174.9, df = 1). Similar to the ciliary tip, the open probability of channels on the extra-ciliary membrane decreased significantly at -100nm (n = 3, p = 0.0025, t=253.7, df = 2) but insignificantly at +100nm (n = 4, p = 0.1207, t = 2.611, df = 3). There was no further significant change in open probability when displacing more than 100 nm in any cases, when compared to the 100 nm displacement. No statistically significant changes in the open probability of channels at the base of cilia and extra-ciliary membrane were observed when the displacement was performed in presence of 10 µM Gd 3+ (a nonspecific blocker of cation and mechanosensitive channels [36, 37] ) applied through the scanning nanopipette (base, n = 5, p = 0.1909; ExC, n = 5, p = 0.062 Fig. 3A, C) . Interestingly, a significant decrease in the open probability of channels at the tip of cilia upon ± 200 nm displacement was observed even in presence of 10 µM Gd 3+ (at + 200 nm, n = 3, p = 0.0018, t=23.82, df = 2; at -200 nm, n = 3, p = 0.0213, t = 6.745, df = 2, Fig. 3C ).
Cellular Physiology
Mapping channel sensitivity to ATP It has been previously suggested that mechanotransduction could be mediated via ATPsensitive channels and receptors [1, 9, 21, 22] . To map the sensitivity of channel activity in primary cilia to ATP we performed spatially resolved recordings at the three sites (tip and base of cilia, and extra-ciliary membrane) with 10 µM ATP in the scanning nanopipette (Fig.  4) . The presence of ATP in the nanopipette significantly increased the open probability P o of the channels at the base of cilia (n = 5; paired t test, p = 0.0146, t = 3.0131, df = 9) but not at the tip of cilia (n = 4; paired t test, p = 0.4073, t = 0.8909, df = 6) or outside the cilia (n = 6; paired t test, p = 0.0657, t = 2.1305, df = 8).
Mapping stiffness of primary cilia
To explore possible reasons for the observed differences in mechanosensitivity of the channels at the base and the tip of cilia, we looked into mechanical properties of these two sites. We utilised the capability of the SICM to map elastic modulus simultaneously with topography at very low stress and high resolution (Fig. 5) [35] . The mapping showed that stiffness at the tip of the cilia (0.49 ± 0.09 pN/µm, n = 7) was significantly lower than both the stiffness at the base (2.75 ± 0.45 pN/µm, n = 7, paired t-test, p = 0.0012, t = 5.78, df = 6) and outside cilia (3.9 ± 1.071 pN/µm, n = 7, p = 0.016, t = 3.33, df = 6) ( Fig. 5B) . However, the stiffness at the base of cilia was not significantly different from the extra-ciliary membrane (p = 0.255, t = 1.26, df = 6) ( Fig. 5B ). We would like to stress here that unlike in the experiments focused on mechanosensitivity of single channels (Fig. 3) , the measurement of stiffness is a non-contact measurement (Fig. 5A) , which means we have direct control over the direction of displacement of the nanopipette but not the structure being probed. Therefore, we cannot exclude the possibility that the moveable parts of cilia (particularly the middle and the tip) may be displaced sideways in addition to or instead of downwards while measuring stiffness (Fig. 5A) . 
Discussion
Here, we describe a novel strategy for studying ion channel distribution in primary cilia along with their mechanical and chemical sensitivity at nanoscale resolution. Spatial resolution of previous single-channel cell-attached recordings in primary cilia was limited by the use of optical navigation [1, 19, 25, 38] incapable of resolving the ultrastructure of primary cilium and the recordings typically involved suction of the cilia towards or into the nearby recording pipette possibly causing unknown levels of displacement and mechanical strain to the structure of cilium. Our recordings here show that displacements as small as 100 nm can significantly affect channel activity in primary cilia.
Primary cilia in topographical images obtained using SICM in this study are somewhat shorter than reported in previous studies using fluorescence measurements [32] , but still within the range of cilia from normal non-cultured renal tubular cells [13] . Topographical images only reveal the part of the cilium extending into the extracellular space which may be shorter than the actual axoneme of the cilium if the ciliary structure does not completely migrate to the surface level [10, 39] . This further emphasises the importance of using topographical images for precise positioning of recording nanopipette to parts of cilia other than the tip such as the middle and base which cannot be determined just from the fluorescence image alone. Our single-channel recordings suggest ciliary channel density of 67-88 channels per µm 2 which is somewhat lower than the previously reported 128 channels per µm 2 estimated from whole-cilium currents [1] , but is in agreement with the general idea of ciliary channel density being comparable to that of excitable plasma membranes [1] . We observed differences in both the slope conductance and mechanosensitivity of channels recorded at different positions along the accessible structure of cilia. Channels detected at the tip of cilia in our experiments displayed slope conductance corresponding to endogenous channels in primary cilia of IMCD cells when using NaCl-based pipette solution [40] . Despite these differences in conductance, channels at the tip and the base of the cilia as well as outside of cilia were blocked by Gd 3+ and activated by ATP in agreement with previous reports [1] . Heterogeneous distribution of channels throughout the membrane of cilia has been previously suggested based on either immunoflurescent staining or channel recordings in larger olfactory cilia [2, 3, [13] [14] [15] [16] [17] [18] , however direct experimental evidence in smaller cilia as reported here was missing. The importance of using direct recording to prove functionality of channels has been recently demonstrated in a study reporting that PC2 forms functioning ion channel in primary cilia of kidney cells but has no measurable constitutive activity in the plasma membrane, which, as the authors themselves note, could not be ruled out based on fluorescence study only [19] . The differences in slope conductance we observed here may therefore be a result of the different environment faced by the channels at tested location or by channels being assembled from different subunits, as previously demonstrated in transiently transfected HEK293 cells [1] .
Perhaps the most interesting finding in our study is the effect of vertical displacement on channel activity at the base and at the tip of the cilia. A short cilium is expected to behave as a rigid rod pivoting around a hinge below the basal body for the displacements of few hundred nanometres used here [41] . The different response of channels to vertical displacement at the tip (reduction of open probability) compared to the base (increase in open probability) may be caused by the differences in the underlying structure of the two locations which would ultimately result in different distribution of mechanical strain. The base of cilium with its underlying structure comprising of transition fibres, basal body and anchorage to actin cytoskeleton is significantly more complex than the structure at the tip. Small displacement of the nanopipette sealed to the tip of cilia is most likely to transpose into pivoting of the whole cilium while displacement of the nanopipette at the base is likely to mainly strain the membrane anchored to transition fibres and the actin cytoskeleton. This is also reflected in our measurements of stiffness which show the tip of cilium as apparently softer than the base. Previous models also suggested that mechanical strain in a bending cilium is likely to be highest at the base [26] . It has been hypothesised that the channels at the base could be triggered by pivoting prevailing at lower external forces while channels along the length of the cilium could be triggered by cilium bending which requires higher forces [41] . Channels at the base of cilia could be acting as a "gating spring" triggered via their anchoring to the actin cytoskeleton [42] [43] [44] [45] . Our results lend some support to these hypotheses, providing first direct experimental evidence for heterogeneous mechanosensitivity of ion channels along the structure of cilia.
The channel activity at the base and the tip of the cilia recorded here was sensitive to Gd 3+ , a commonly used non-specific blocker of mechanotransduction [36] , and ATP in a similar fashion to PC1/PC2 channels reported previously [1, 9, 14, 21, 22] , but we did not observe changes in channel activity upon application of negative pressure. This may be due to the fact that the force exerted on the membrane patch enclosed within the tip of a nanopipette with 100 nm inner diameter is expected to be two orders of magnitude lower than in case of conventional patch-clamp pipette with tip diameter of 1 µm when using the same pipette pressure, simply due to membrane patch area being proportional to the square of the pipette radius. In order to reach forces exerted previously using 80 mm Hg ~ 11 kPa [1], we would have to apply 1.1 MPa which is prohibitively high. While this certainly limits the capabilities of nanopipettes for testing channels activated specifically by membrane stretch, nevertheless, mechanical stimulation via vertical displacement used here appears to be more relevant to what membrane channels may experience during the pivoting and bending of cilia under external forces.
The channel activity we observed in cilia was markedly different compared to channel activity recorded on the extra-ciliary membrane. It displayed significantly different mean slope conductance and lacked the strong sensitivity to displacement. This lends further experimental support to previous observations and hypotheses that the population of channels in primary cilia is different to that of the cytoplasmic membrane [2, 3, [13] [14] [15] [16] 18 ]. Furthermore, the markedly different character of the response to nanopipette displacement in the extra-ciliary membrane, together with Gd 3+ sensitivity of the response observed in cilia base indicates these changes are unlikely to be caused simply by deterioration of the seal between the nanopipette during the displacements and represent genuine changes in channel activity.
Conclusion
In summary, we show the first channel recordings at defined positions along primary cilia using high resolution topographical imaging and local and precisely controlled mechanical stimulation. Our data suggest that ion channels at the base of cilia in IMCD cells are activated by membrane displacement and ATP and may play a role in mechanotransduction. These recordings would have been extremely difficult if not impossible to achieve using pipette navigation based on conventional fluorescence-based imaging of cilia due to the fact that some parts of cilia could be still submerged within intracellular space. Furthermore, significant changes in open probability were induced by mere 100 nm displacement of the cilia membrane suggesting nanoscale positioning is essential to minimise unwanted mechanical strain when studying mechanotransduction in these fine structures.
The method described here opens new possibilities to study relationship between the structure of primary cilia and its function in health and disease, and could serve as a tool for screening new compounds specifically targeting channels and receptors in primary cilia. Future research combining the technology described here with genetics strategies, such as small interfering RNA (siRNA) to selectively modify expression of putative channels, and local applications of specific agonist and antagonists through nanopipette will be crucial to determine which functions could be directly attributed to primary cilia.
